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The Lense-Thirring effect, a tiny perturbation of the orbit of a particle caused by the spin of the attracting body, was accurately measured with the use of the data of two laserranged satellites, LAGEOS and LAGEOS II, and the Earth gravitational model EGM-96. The parameter , which measures the strength of the Lense-Thirring effect, was found to be 1.1 Ϯ 0.2; general relativity predicts ϵ 1. This result represents an accurate test and measurement of one of the fundamental predictions of general relativity, that the spin of a body changes the geometry of the universe by generating space-time curvature.
Einstein's general theory of relativity (1, 2) predicts the occurrence of peculiar phenomena in the vicinity of a spinning body, caused by its rotation, that have not yet been measured (3) . When a clock that corotates very slowly around a spinning body returns to its starting point, it finds itself advanced relative to a clock kept there at "rest" (with respect to "distant stars"). Indeed, synchronization of clocks all around a closed path near a spinning body is not possible, and light co-rotating around a spinning body would take less time to return to a fixed point than light rotating in the opposite direction (2) . Similarly, the orbital period of a particle co-rotating around a spinning body would be longer than the orbital period of a particle counter-rotating on the same orbit. Furthermore, an orbiting particle around a spinning body will have its orbital plane "dragged" around the spinning body in the same sense as the rotation of the body, and small gyroscopes that determine the axes of a local, freely falling, inertial frame, where "locally" the gravitational field is "unobservable," will rotate with respect to "distant stars" because of the rotation of the body. This phenomenon-called "dragging of inertial frames" or, more simply, "frame dragging," as Einstein named it-is also known as the Lense-Thirring effect (1, 2, 4) . In Einstein's general theory of relativity, all of these phenomena are the result of the rotation of the central mass. Rotation, inertia, and the "fictitious" inertial forces arising in a rotating system have been central issues and problems of mechanics since the time of Galileo and Newton (5) . Mach thought that the centrifugal forces were the result of rotation with respect to the masses in the universe, and Einstein's development of the general theory of relativity was influenced by Mach's ideas on the origin of inertia and inertial forces. Today, the level at which general relativity satisfies Mach's ideas on inertia is still debated and discussed. However general relativity satisfies at least a kind of "weak manifestation" of Mach's ideas: the dragging of inertial frames (2) . Indeed, in Einstein's gravitational theory, the concept of an inertial frame has only a local meaning, and a local inertial frame is "rotationally dragged" by mass-energy currents because moving masses influence and change the orientation of the axes of a local inertial frame (that is, the gyroscopes); thus, a current of mass such as the spinning Earth "drags" and changes the orientation of the gyroscopes with respect to the distant stars.
To understand these phenomena of general relativity associated with the rotation of a mass, one may use a formal analogy with the classical theory of electromagnetism. Newton's law of gravitation has a formal counterpart in Coulomb's law of electrostatics; however, Newton's theory has no phenomenon formally analogous to magnetism. On the other hand, Einstein's theory of gravitation predicts that the force generated by a current of electrical charge, described by Ampere's law, should also have a formal counterpart "force" generated by a current of mass. The detection and measurement of this "gravitomagnetic" force is the subject of this report.
The gravitomagnetic force causes a gyroscope to precess with respect to an asymptotic inertial frame with angular velocitẏ 3 , where H is the gravitomagnetic field, J is the angular momentum of the central object, and x is the gyroscope's position vector. This formula quantifies the Lense-Thirring effect for a gyroscope (1, 2) . The gravitomagnetic force also causes small changes in the orbit of a test particle (4). In particular, there is a secular rate of change of the longitude of the nodes (intersection between the orbital plane of the test particle and the equatorial plane of the central object) given by⍀ Lense-Thirring 
], where a is the semimajor axis of the test particle's orbit and e is its orbital eccentricity. In addition, there is a secular rate of change of the longitude of the pericenter (2) 
3(cos
, where I is the orbital inclination, cos I ϵ Ĵ⅐l, and l is the particle's orbital angular momentum (Fig.  1) .
In astrophysics, a supermassive spinning black hole and its gravitomagnetic field may explain the constant orientation of the long jets of matter ejected from the cores of quasars and active galactic nuclei (6) . These jets have emission times that may reach millions of years.
Here we describe a direct measurement, with an accuracy of about 20%, of one of the phenomena caused by the gravitomagnetic field (4). Our detection and measurement was obtained by using the satellite laser-ranging (7) data of the satellites LAGEOS (Laser Geodynamics Satellite, NASA) and LAGEOS II [NASA and the Italian space agency (ASI)] and the latest Earth gravitational field model, EGM-96.
The measurement of distances has always been a fundamental issue in astronomy, engineering, and science in general. So far, laser ranging has been the most accurate technique for measuring the distances to the moon and artificial satellites (7). Shortduration laser pulses are emitted from lasers on Earth, aimed at the target through a telescope, and then reflected back by optical cube-corner retroreflectors on the moon (8) or the artificial satellite (9), such as LAGEOS (10) . By measuring the total round-trip travel time, one can determine the distance to a retroreflector on the moon with an accuracy of about 2 cm and to the LAGEOS satellites with a few millimeters accuracy.
We analyzed the laser-ranging data using the principles described in (11) and adopted the IERS conventions (12) in our modeling, except that we used the recently released static and tidal EGM-96 model (13) . Error analysis of the LAGEOS orbits indicated that the EGM-96 errors can only contribute periodic root-sum-square errors of 2 to 4 mm radially, and in all three directions they do not exceed 10 to 17 mm. The initial positions and velocities of the LAGEOS satellites were adjusted for each 15-day batch of data, along with a set of accelerations in the along-track direction (to account for the residual drag at the satellites' altitude) and small variations in their reflectivities. Solar radiation pressure, Earth albedo, and anisotropic thermal effects were also modeled (14) . In modeling the thermal effects, the orientation of the satellite spin axis was obtained from (15) . Lunar, solar, and planetary perturbations were also included in the equations of motion, formulated according to Einstein's general theory of relativity with the exception of the Lense-Thirring effect, which was purposely set to zero. All of the tracking station coordinates were adjusted (accounting for tectonic motions) except for those defining the TRF terrestrial reference frame. Polar motion was also adjusted, and Earth's rotation was modeled from the very long baseline interferometry-based series SPACE96 (16) . We analyzed the orbits of the LAGEOS satellites using the orbital analysis and data reduction software GEODYN II (17) .
The node and perigee of LAGEOS and LAGEOS II (Fig. 1) are dragged by Earth's angular momentum. From the Lense-Thirring formula, we get⍀ I Lense-Thirring Ϸ 31 mas/year and⍀ II Lense-Thirring Ϸ 31.5 mas/year, where mas is a millisecond of arc. The argument of pericenter (perigee in our analysis) of a test particle-that is, the angle on its orbital plane that measures the departure of the pericenter from the equatorial plane of the central body-also has a Lense-Thirring drag: I Lense-Thirring Ϸ 32 mas/year and II Lense-Thirring Ϸ Ϫ57 mas/ year. The nodal precessions of LAGEOS and LAGEOS II can be determined with an accuracy of the order of 1 mas/year. Over our total observational period of about 4 years, we obtained a root mean square of the node residuals of ϳ4 mas for LAGEOS and ϳ7 mas for LAGEOS II. For the perigee, the observable quantity is the product ea . The perigee precession for LAGEOS is difficult to measure because its orbital eccentricity e Ϸ 0.004. The orbit of LAGEOS II is more eccentric, with e ϳ 0.014, and the Lense-Thirring drag of the perigee of LAGEOS II is almost twice as large in magnitude as that of LAGEOS. Over about 4 years, we obtained a root mean square of the residuals of the LAGEOS II perigee of about 25 mas, whereas the total LenseThirring effect on the perigee is, over 4 years, Ϸ Ϫ228 mas. To measure the LenseThirring effect from the residuals of the orbital elements, we introduced a parameter , which, by definition, is equal to one in general relativity (2) and zero in Newtonian theory.
The main error in this measurement is due to the uncertainties in Earth's even zonal harmonics and their time variations. The unmodeled orbital effects due to the harmonics of lower order are comparable to, or larger than, the Lense-Thirring effect. However, by analyzing the EGM-96 model with its uncertainties in the even zonal harmonic coefficients, and by calculating the secular effects of these uncertainties on the orbital elements of LAGEOS and LAGEOS II, we find that the main sources of error in the determination of the LenseThirring effect are concentrated in the first two even zonal harmonics, J 2 and J 4 . We can, however, use the three observable quantities⍀ I ,⍀ II , and II to determine (18) , thereby avoiding the two largest sources of error, those arising from the uncertainties in J 2 and J 4 . We do this by solving the system of the three equations for ␦⍀ I , ␦⍀ II , and ␦ II in the three unknowns , J 2 , and J 4 , obtaining
where c 1 ϭ 0.295 and c 2 ϭ Ϫ0.35. Equation 1 for does not depend on J 2 and J 4 nor on their uncertainties; thus, the value of that we obtain is unaffected by the largest errors, which are due to ␦J 2 and ␦J 4 , and is sensitive only to the smaller errors due to ␦J 2n with 2n Ն 6. Similarly, regarding tidal, secular, and seasonal changes in the geopotential coefficients, the main effects on the nodes and perigee of LAGEOS and LAGEOS II, caused by tidal and other time variations in Earth's gravitational field (19, 20) , are due to changes in J 2 and J 4 . However, the tidal errors in J 2 and J 4 and the errors resulting from other unmodeled time variations in J 2 and J 4 , including their secular and seasonal variations, are eliminated by our combination of residuals of nodes and perigee. In particular, most of the errors resulting from the 18.6-and 9.3-year tides, associated with the lunar node, are eliminated in our measurement. The same method was used in (20) , but the gravitational field model and especially the Earth tidal model used here are more accurate. Also, we refined the nongravitational perturbations model, and the total period of observation was here longer by 1 year. Thus, we substantially reduced the total error in the measurement of . An extensive discussion of the various error sources that can affect the result is given in (20) ; only a brief discussion of the error sources is given here.
In Fig. 2 , we display the linear combination of the residuals of the nodes of LAGEOS and LAGEOS II and perigee of LAGEOS II according to Eq. 1 to eliminate the ␦J 2 and ␦J 4 errors after removing four small periodic residual signals and the small observed inclination residuals. The removal of the periodic terms was achieved by a least squares fit of the residuals using a secular trend and four periodic signals with 1044-, 820-, 569-, and 365.25-day periods, corresponding to, respectively, the nodal period of LAGEOS, the perigee and nodal periods of LAGEOS II, and 1 year. The 820-day period is the period of the main odd zonal harmonics perturbations of the LAGEOS II perigee; the 1044-and 569-day periods are the periods of the main tidal orbital perturbations, with l ϭ 2 and m ϭ 1, which were not eliminated using Eq. 1. Some combinations of these frequencies correspond to the main nongravitational perturbations of the LAGEOS II perigee. We stress that the present analysis using EGM-96 and its accurate tidal model is substantially independent of the removed signals, whereas the previous analysis (20) depended on the periodic terms included in the fit. In other words, our value (Fig. 2) of the secular trend does not significantly change by fitting additional periodic perturbations, and indeed, even the fit of the residuals with a secular trend only, with no periodic terms, just increases the slope by less than 10%. Nevertheless, in this case, the root mean square of the post-fit residuals increases by about four times with respect to Fig. 2 .
Our best-fit straight line of Fig. 2 , through the combined residuals of nodes and perigee, has a slope meas Ϸ 1.1 Ϯ 0.03, where 0.03 is its standard deviation. This combined, measured, gravitomagnetic perturbation of the satellites' orbits corresponds to about 16 m at the LAGEOS altitude, that is, about 265 mas. The root mean square of the post-fit combined residuals is about 9 mas. Our total error is reduced to 20% of GR . Using the EGM-96 covariance matrix, we found the errors due to uncertainties in the even zonal harmonics J 2n with 2n Ն 6 to be ␦ even Շ 13% of GR , and the errors in the modeling of the perigee rate of LAGEOS II due to uncertainties in the odd zonal harmonics J 2nϩ1 , ␦ odd Շ 2% of GR . Using the improved tidal model, we estimated the effect of tidal perturbations and other variations of Earth gravitational field to be ␦ tides Շ 4% of GR . On the basis of analyses (20) of the nongravitational perturbations-in particular, those on the perigee of LAGEOS IIwe found ␦ nongrav Շ 13% of GR , and the error due to uncertainties in the orbital inclinations of LAGEOS and LAGEOS II was estimated as ␦ incl Շ 5% of GR . Taking into account all of these error sources, we arrived at a total root-sum-square error Շ20% of GR . Therefore, over an observational period of 4 years and using EGM-96, we determined meas ϭ 1.1 Ϯ 0.2, where 0.2 is the estimated total uncertainty due to all of the error sources.
Based on the analysis of the orbits of the laser-ranged satellites LAGEOS and LAGEOS II, we conclude that the gravitomagnetic or Lense-Thirring effect exists, and its value is within 10%, plus or minus a total error of 20%, of what is predicted by Einstein's theory of general relativity, that is, GR ϭ 1. Hence, this direct measurement of the Lense-Thirring effect confirms one of the remaining fundamental predictions of general relativity, that a current of mass-energy, such as a spinning mass, as a result of its mass-motion, changes the geometry of the universe (2) by generating space-time curvature. Fig. 2 . Sum of the residuals (diamonds) of the nodes of LAGEOS and LAGEOS II and perigee from January 1993 to January 1997. On the vertical axis, we plotted (node residuals of LAGEOS) ϩ 0.295(node residuals of LAGEOS II) Ϫ 0.35(perigee residuals of LAGEOS II). The bestfit line (crosses) shown through these combined residuals has a slope of about 66 mas/year (mas is a millisecond of arc; the total integrated effect corresponds to about 16 m at the LAGEOS altitude); that is, meas Ϸ 1.1 (compared with GR ϵ 1 in general relativity). The standard deviation of the slope is about 2 mas/year, and the root mean square of the post-fit residuals is about 9 mas. Because of modeling errors (secular and periodic) and random errors, we estimate the total error in our measurement of to be Շ20% of . SCIENCE ⅐ VOL. 279 ⅐ 27 MARCH 1998 ⅐ www.sciencemag.org
